The α-, β-, and γ-protocadherins (Pcdhα, Pcdhβ, and Pcdhγ) comprise a large family of single-pass transmembrane proteins predominantly expressed in the nervous system. These proteins contain six cadherin-like extracellular domains, and proteolysis of Pcdhα and Pcdhγ by the γ-secretase complex releases their intracellular domains into the cytoplasm where they may function locally and/ or enter the nucleus and affect gene expression. Thus, cleavage of Pcdhs may function to link intercellular contacts and intracellular signaling. Here we report that shedding of the Pcdhα extracellular domain and subsequent processing by γ-secretase require endocytosis and that Pcdhs interact with the regulator of vesicular sorting ESCRT-0 in undifferentiated cells. We also find that the accumulation of Pcdh cleavage products is regulated during development. Differentiation leads to an increase in the interactions between Pcdh proteins and a decrease in the accumulation of cleavage products. We conclude that Pcdh processing requires endocytosis and that the level of cleavage products is regulated during neuronal differentiation.
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The clustered protocadherins (Pcdhs) are a subgroup of this superfamily that are predominantly expressed in the nervous system, and Pcdh genes are organized into three large clusters spanning nearly 1 Mb of genomic DNA (1, 2) . On the basis of the unusual organization and combinatorial expression of Pcdh genes, and the cell surface localization of Pcdh proteins, the Pcdhs have been proposed to function in the specification of neuronal interactions in the brain (1, 2) . There are >50 distinct Pcdh isoforms encoded by three closely linked gene clusters named Pcdhα, Pcdhβ, and Pcdhγ (2) . Individual neurons stochastically express distinct combinations of Pcdh isoforms, thus generating enormous cell surface diversity that may contribute to the specificity of synaptic interactions (3, 4) .
Individual Pcdh proteins consist of six cadherin-like ectodomains (ECs), a single transmembrane (TM) domain, and a Cterminal intracellular domain (ICD). For each isoform, a single large exon (termed a variable or V exon) encodes the six ECs, the TM domain, and a short stretch of the ICD. Each Pcdhβ protein is entirely encoded by a single V exon. In the case of Pcdhα and Pcdhγ, an individual V exon is spliced to three subtype-specific constant (Con) exons that encode the remainder of the Pcdhα or Pcdhγ ICD (5, 6) . Therefore, the majority of the ICD is identical in all Pcdhα isoforms or in all Pcdhγ isoforms.
Despite their potential roles in synaptic interactions, the functions of the clustered Pcdhs are not well understood. Their extracellular domains have the capacity to interact with each other both homophilically and heterophilically (7) (8) (9) . However, their interactions are much weaker than those of the classic cadherins such as N-cadherin (N-Cad) (10) . Thus, it seems likely that Pcdhs facilitate communication between neighboring cells rather than function as adhesion molecules.
Mutations in the Pcdhγ gene cluster have been shown to negatively influence synapse formation and lead to increased death of interneurons in the spinal cord and retina (11) (12) (13) . Depending on the cellular context, mutations in the Pcdhγ gene cluster display both cell autonomous and non-cell-autonomous effects (11, 14) . Mutations in the Pcdhα gene cluster do not appear to affect cell viability or synapse number, but have been reported to disrupt the formation of proper glomeruli in the olfactory bulb and the innervation of target areas by serotonergic neurons (15, 16) . In addition, both Pcdhα and -γ have been shown to bind to each other and the tyrosine kinases PYK2, FAK (17) , and Ret (18) and to a variety of other signaling molecules. Thus, Pcdhs function, at least in part, by linking intercellular contacts to intracellular signaling pathways.
The potential role of clustered Pcdh proteins in intracellular signaling is further supported by the finding that Pcdhα, Pcdhβ, and Pcdhγ are proteolytically cleaved by the γ-secretase complex. This cleavage produces soluble intracellular fragments that have the potential to enter the nucleus (8, (19) (20) (21) . These cleavage fragments may directly or indirectly affect gene expression, similar to other γ-secretase substrates such as Notch and N-cadherin (22, 23) . Proteolytic processing of Pcdhs proceeds in two steps, a feature common to all γ-secretase substrates. First, the majority of the Pcdhα or -γ extracellular domains are removed to generate a transmembrane C-terminal fragment (CTF1). In at least some cases, Pcdhα and -γ CTF1s are produced by the metalloproteinase ADAM10 (a disintegrin and metalloprotease 10) (8, 19) . CTF1 then undergoes a second round of endoproteolysis, this time by presenilin, the catalytic subunit of γ-secretase. Presenilin cleaves CTF1 within the transmembrane domain or at the inner membrane surface to produce a soluble fragment called CTF2. CTF2 is most abundant in the cytoplasm, but is also detected in the nucleus (19, 21) . For almost all γ-secretase substrates, the shedding of the extracellular domain is a prerequisite for intramembrane cleavage (24) . The mechanisms that control Pcdh cleavage are not known.
Here we show that the cleavage of Pcdhs is tightly linked to subcellular trafficking of the proteins. In undifferentiated cells, endocytosis is required for the shedding of the Pcdhα extracellular domain. Differentiation is accompanied by a redistribution of the protein and a decrease in binding to endosomal proteins. We also show that the steady-state levels of protocadherin cleavage products decrease during the development of the nervous system and during differentiation of neuron-like cells in culture. Differentiation leads to increased interactions between Pcdh isoforms, Author contributions: S.M.B., S.S.S., and T.M. designed research; S.M.B. and S.S.S. performed research; S.M.B., S.S.S., and T.M. analyzed data; and S.M.B., S.S.S., and T.M. wrote the paper.
The authors declare no conflict of interest. which correlates with a decrease in Pcdh cleavage products. In addition, we show that interactions between the extracellular domains of Pcdh isoforms contribute to this decrease. These data suggest that in early brain development or in undifferentiated cell lines, rapid endocytosis of Pcdh proteins facilitates the shedding of their extracellular domains and efficient γ-secretasedependent cleavage. This process leads to the constitutive generation of a cytosolic cleavage product (CTF2). As with other γ-secretase substrates, this fragment may enter the nucleus and regulate gene expression. As development progresses or cells differentiate, a complex of Pcdh proteins forms and Pcdh-CTF2 is no longer produced. This complex may then be poised for proteolysis in response to signals yet to be identified.
Results
As noted in the previous section, full-length Pcdh proteins undergo two-step proteolysis. First, the extracellular domain is cleaved to generate a transmembrane stub called CTF1. CTF1 is then processed by the γ-secretase complex to generate a soluble intracellular fragment called CTF2. We often find that Pcdh CTF1s exist as species of multiple molecular weights (see, for example, Fig. 1 and Figs. S1-S3). There are several nonmutually exclusive explanations for this observation, including the presence of multiple cleavage sites, differential posttranslational modification, and, in the case of endogenous proteins, differing molecular weights between isoforms. To investigate the possibility that the levels of Pcdh cleavage products are regulated during development or neuronal differentiation, we probed Western blots of endogenous Pcdhα or Pcdhγ proteins with polyclonal antibodies against their constant regions. We first examined lysates of whole brain from different developmental time points. As shown in Fig. 1 A and B, the levels of Pcdhα-CTF1 and Pcdhγ-CTF1 significantly decrease during mouse development.
We also find that in neurosphere cultures, Pcdhα and -γ CTF1s can be stabilized by DAPT, a γ-secretase inhibitor that blocks the conversion of CTF1 into CTF2 ( Fig. 1 C and D) . This observation indicates that cleavage of endogenous Pcdh proteins occurs in primary cells enriched for neuronal precursors and that a γ-secretase-dependent cleavage pathway is active. If protocadherin cleavage is an indication of signaling activity, then the cleavage product may be highly active during early development of the nervous system.
To study the generation of Pcdh cleavage products in more detail, we used the neuroblastoma cell line Cath.a-differentiated (CAD) (25) . CAD cells express several neuron-specific proteins, and they can be induced to undergo morphological differentiation in response to serum withdrawal (25, 26) . We also generated plasmid constructs in which a tandem affinity purification (TAP) tag containing both FLAG and HA epitopes is fused to the intracellular domain of Pcdhα4 or -γb7. Alternatively, EGFP was fused to the short intracellular domain of Pcdhβ17 (Fig. S1 ). When expressed in CAD cells, the fusion proteins are also cleaved to generate Pcdh CTF1 and CTF2 fragments, and this process requires γ-secretase (Figs. S1-S3). As with endogenous protein in the brain, in vitro differentiation of CAD cells results in a significant decrease in the levels of CTF1 derived from Pcdhα4-TAP or Pcdhγb7-TAP ( Fig. 1 E and F) . This decrease may be due to either a decrease in CTF1 production or an increase in CTF1 turnover.
Treatment of cells with the proteasome inhibitor lactacystin stabilized CTF2 in undifferentiated, but not in differentiated CAD cells, indicating that it is no longer produced at detectable levels following differentiation (Fig. S4) . By contrast, proteasome inhibition did not affect CTF1 levels in either undifferentiated or differentiated CAD cells, suggesting that CTF1 may be subject to a proteasome-independent mechanism of turnover such as lysosomal degradation. These results show that presenilin-dependent processing of Pcdhα is a developmentally regulated event that decreases as cells differentiate.
We next tested whether cellular differentiation alters the interaction of Pcdh proteins with each other. We find that higher levels of endogenous Pcdhβ and -γ coimmunoprecipitate with Pcdhα4-TAP in differentiated CAD cells, compared with undifferentiated CAD cells ( Fig. 2 and Fig. S5 ). Interestingly, a previous study reported that the overexpression of Pcdhα inhibits cleavage of Pcdhγ (19) . Taken together, these findings suggest the possibility that a differentiation-dependent increase in PcdhPcdh interaction may be linked to a decrease in the levels of Pcdh cleavage products.
We further examined the correlation between differentiation, Pcdh-Pcdh interaction, and Pcdh cleavage by using a TAP-tagged Pcdhα4 construct that lacks EC domains 1-5 (Pcdhα4ΔEC1-5-TAP; Fig. 3A) . Immunoprecipitation of this TAP-tagged, truncated protein showed that the association of the truncated protein with endogenous Pcdhγ is less than that observed with full-length Pcdhα4-TAP (Fig. 3B ). This result is in agreement with a report that the extracellular domains are required for Pcdh interactions (9) . Strikingly, upon differentiation, CTF1 derived from Pcdhα4ΔEC1-5 is present at undifferentiated levels (Fig. 3C) . Taken together, these results suggest that efficient Pcdh-Pcdh interaction is necessary for the decrease in cleavage products that accompanies differentiation and that the protease that carries out cleavage is still active in differentiated cells.
Our data support the idea that differentiation leads to increased interactions between distinct Pcdh subtypes and that Pcdh-Pcdh interactions are required to lower the levels of cleavage products in differentiated cells. We also find that the proteolytic activity responsible for the generation of Pcdhα4-CTF1 is still present in differentiated cells, and weak Pcdh-Pcdh binding allows for the constitutive presence of CTF1. The decrease in the levels of Pcdh cleavage products may be due to a decrease in the rate of their production, an increase in the rate of their turnover, or some combination of these two.
Next, we examined the cellular processes required for efficient Pcdh cleavage in undifferentiated CAD cells. In neurons, a significant portion of the Pcdh proteins are found outside of synapses in vesicles and tubulovesicular structures within the soma, axons, and dendrites (11, 27, 28) . Additionally, a recent report suggests that the Pcdhγ proteins are subject to regulated intracellular trafficking to sites of cell-cell contact during neuronal development and synapse formation (29) . To further examine the roles that dynamic subcellular trafficking may play in the regulation of the Pcdh proteins, we first asked whether Pcdh proteins are subject to endocytosis and trafficking to the lysosome for degradation. Undifferentiated CAD cells were briefly treated with EST, an inhibitor of cysteine proteases including the lysosomal cathepsins (30), or with the proteasome inhibitor lactacystin (Fig. 4A) . EST caused an accumulation of fragments intermediate in size between full-length Pcdhα4 and Pcdhα4 CTF1. These fragments were not observed following inhibition of the proteasome with lactacystin. The fragments stabilized by EST treatment likely represent degradation products from full-length Pcdh protein that was endocytosed and trafficked to the lysosome. These fragments may be generated by the activity of an unknown protease on full-length Pcdh proteins.
Previous studies have shown that some substrates of the γ-secretase complex are endocytosed before cleavage (31, 32) . We therefore carried out experiments to test whether endocytosis is required for the production of Pcdhα4 CTF1 or CTF2. Specifically, we treated cells with dynasore, a dynamin inhibitor that blocks the formation of endosomes (33) , or chloroquine, a membrane-impermeable base that is taken up into endosomes and blocks their acidification (34) . Both of these treatments inhibited the production of Pcdhα4 CTF1, indicating that endocytosis is indeed required for shedding of the Pcdhα4 EC domains (Fig. 4B) . As EC shedding is a prerequisite for γ-secretase processing, the blockade of endosome formation and maturation should block the production of both membrane-bound CTF1 and soluble CTF2. We tested this possibility by inhibiting the proteasome with lactacystin and endocytosis with dynasore. As expected, treatment with lactacystin alone stabilizes CTF2, but both CTF1 and CTF2 production is abolished in the presence of dynasore (Fig. 4C) . We conclude that endocytosis is required for proteolytic shedding of the Pcdh EC domain and the generation of CTF1 and is therefore required for the production of soluble CTF2.
Because our data show that endocytosis and vesicular trafficking are required for the cleavage of Pcdh proteins, we explored the mechanisms that control these processes. The Notch receptor requires endocytosis before γ-secretase cleavage (31), and four protein complexes known as endosomal sorting complex required for transport-0, -I, -II, and -III (ESCRT-0, -I, -II, and -III) direct Notch-positive endosomes to the multivesicular body pathway and the lysosome (35) (36) (37) (38) . To determine whether Pcdh proteins associate with ESCRT complexes in a manner similar to that of Notch, we transfected a component of ESCRT-0 [HGF-regulated tyrosine kinase substrate fused to GFP (Hrs-GFP)] into CAD cells stably expressing Pcdhα4-TAP or Pcdhγb7-TAP. In undifferentiated CAD cells, we observe a striking colocalization between intracellular Pcdh puncta and Hrs-GFP. By contrast, in differentiated cells, the Pcdh staining pattern is much more diffuse, there are fewer and smaller Pcdh-positive puncta, and colocalization with Hrs-GFP is significantly diminished ( Fig. 5A and Figs. S6-S8 ). This change in colocalization occurs despite similar levels of total Pcdh and Hrs proteins (Fig. 5  B and C) . These results suggest that there may be an interaction between the Pcdh proteins and ESCRT complexes that is regulated by differentiation.
In agreement with our colocalization data, immunoprecipitation of Pcdhα4-TAP followed by Western blot for endogenous Hrs reveals a physical interaction between the two proteins that is significantly diminished during differentiation (Fig. 5B) . The converse experiment, Hrs immunoprecipitation followed by Pcdhα4-TAP Western blot, reveals that Pcdhα4 CTF1 is associated with ESCRT-0 (Fig. 5C) . Remarkably, the Pcdhα4ΔEC1-5 mutant that is constitutively cleaved following differentiation is also constitutively bound by Hrs (Fig. 5D) . Cleavage of the mutant protein is inhibited by dynasore, similar to that of the wild-type protein (Fig. S9) . Taken together, these observations suggest that endocytosis, extracellular domain cleavage, γ-secretase cleavage, and ESCRT-dependent trafficking maybe coregulated during differentiation.
Discussion
We show that that the levels of Pcdhα and -γ cleavage products decrease during development and during differentiation of neuron-like cells in culture. This differentiation-dependent decrease occurs in parallel with an increase in the interactions between Pcdh isoforms. In addition, mutations in the extracellular domain that limit Pcdh-Pcdh binding lead to constitutive cleavage. We also show that the Pcdhs are subject to vesicular trafficking and that Pcdh cleavage requires endocytosis. Interfering with endosome formation or maturation blocks the formation of both Pcdhα4 CTF1 and CTF2. Full-length Pcdhα4 and Pcdhα4 CTF1 also associate with ESCRT-0 in undifferentiated CAD cells, and a significant portion of the Pcdh proteins are subject to degradation in the lysosome.
The peak in Pcdh protein cleavage products in early developmental stages may reflect broad, Pcdh-dependent signaling during periods of active neurogenesis, synaptogenesis, and neurite outgrowth. The decrease in Pcdh cleavage products over time may be a consequence of the progression of synapse maturity. In cell culture, we observe that Pcdh CTFs appear to be present constitutively in undifferentiated CAD cells. This result is similar to the cleavage in cell lines that has been observed for Pcdhα, Pcdhγ, and other γ-secretase substrates (19-21, 39) . As CAD cells differentiate in vitro, the level of Pcdh CTFs decreases in a manner that mirrors the decrease in cleavage products in the brain during development.
The differentiation-dependent decrease in cleavage products is correlated with an increase in association between Pcdhs, and full-length isoforms in complex with each other become the predominant form of the proteins. Disrupting interactions between Pcdhs by mutating the extracellular domain leads to the constitutive presence Pcdh CTFs in differentiated cells. Taken together, these results suggest that Pcdh cleavage is in part regulated by signals mediated through the EC domains. At present, the signals upstream of active cleavage are not known. Our data suggest that Pcdh-Pcdh binding is involved in decreasing the levels of Pcdh cleavage products and is not responsible for cleavage induction. Pcdh cleavage may therefore be dependent on binding to a signaling molecule, as is the case in the NotchDelta system, or on changes in other cellular conditions such as neuronal activity or calcium influx. Indeed, cleavage of both N-cadherin and Pcdhγc3 is induced by glutamate (8, 23) and we find that, in differentiated CAD cells, the protease responsible for Pcdh extracellular cleavage remains active. Neuronal activity may therefore allow an increase in CTF levels in mature cells. Additionally, we find that in mature neurons and differentiated CAD cells, the Pcdhs bind to the receptor tyrosine kinase Ret and participate in GDNF-inducible signaling that is independent of γ-secretase cleavage (18) . Therefore, in differentiated neuronal cells, the Pcdhs may be poised for both cleavage-dependent and cleavage-independent signaling.
We find that Pcdhα cleavage requires endocytosis and that disrupting this process with dynasore or chloroquine inhibits CTF1 production. In addition, Pcdh proteins are bound by the ESCRT-0 complex in undifferentiated CAD cells, but not in differentiated CAD cells, and at least some full-length protein is trafficked to the lysosome. As is the case with cleavage, Pcdh endocytosis and trafficking may be in part regulated by the EC domains, as a mutant lacking EC domains 1-5 is constitutively bound by Hrs in differentiated cells. These observations share some parallels to the Notch signaling pathway. Endocytosis is required before γ-secretase releases the Notch intracellular domain into the cytoplasm (31) . However, ESCRT complexes also direct some Notch proteins to the lysosome for degradation before γ-secretase cleavage can occur. This process limits Notch signaling and mutations in the ESCRT pathway lead to Notch hyperactivation (35) (36) (37) (38) . Endocytosis and trafficking in undifferentiated cells may therefore buffer Pcdh signaling by both activating cleavage and limiting the amount of full-length Pcdh that is available. It is not known how endocytosis leads to the sequential cleavage of Pcdh proteins, but several nonmutually exclusive modes of regulation are possible. For example, endocytic vesicles may deliver Pcdh cargo to a subcellular compartment where proteases are active. Additionally, the change in pH that accompanies endosome maturation may be necessary for Pcdh cleavage.
Endocytosis, trafficking, and cleavage of the Pcdhs may also be regulated by signal-dependent events that require the Pcdh intracellular domain or intracellular Pcdh binding factors. This proposal is consistent with a report that regulated vesicular trafficking controls the formation of Pcdh-Pcdh contacts between neurons in a manner that requires the Pcdh ICDs (29) . For the Notch receptor, endocytosis and γ-secretase cleavage are dependent on monoubiquitination, and sorting of Notch to the lysosome is dependent on the Nedd4 family of E3 ligases (31, 40, (41) (42) (43) . Processing of Pcdh may be regulated in a manner similar to that of Notch.
Here we present insights into the regulation of Pcdh cleavage. The levels of Pcdh cleavage products depend on cellular context and the highest CTF levels are found in the early stages of brain development. We also show that cleavage is regulated by vesicular trafficking and Pcdh-Pcdh interactions. The investigation of the mechanisms that govern Pcdh binding and cleavage and the identification of targets that are downstream of Pcdh processing will further our understanding of the roles Pcdh proteins play in the nervous system.
Materials and Methods
Plasmids. A TAP-tag containing two HA sequences, one FLAG sequence, and a TEV protease cleavage site was fused to the C terminus of mouse Pcdhα4, Pcdhα4ΔEC1-5, or Pcdhγb7 in pcDNA3. EGFP was fused C terminally to mouse full-length Pcdhα4, the Pcdhα4ICD, or Pcdhβ17 in pEGFP-N2 (Clontech). EGFP was fused C terminally to human Hrs in pDEST47 (Invitrogen). Transfections of primary and immortalized cell lines were carried out with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Chemical Reagents. The following chemical reagents were used: lactacystin in DMSO at a final concentration of 5 μg/mL (Calbiochem), DAPT in DMSO at 25 μM (Calbiochem), EST in EtOH at 50 μM (Calbiochem), chloroquine diphosphate in water at 125 μM (Sigma), and dynasore in DMSO at 100 μM (Sigma).
Cell Lines and Culture. CAD cells were cultured in DMEM (Gibco) and 10% Fetalclone III Serum (HyClone). Stably transfected lines were produced by introducing the TAP-tagged plasmids and selecting with G418. Differentiation was carried out by withdrawing serum for 72 h.
Primary Neurosphere Culture. Brains of E12-E14 CD1 mouse embryos (Charles River Laboratories) were dissected and dissociated by papain digestion (Worthington Biochemical Corporation). Cells were resuspended at a density of 25,000-50,000 cells/mL in DMEM:F12 (Gibco) supplemented with N2 (Gibco), B27 (Gibco), 10 ng/mL EGF (Invitrogen), and 5 ng/mL FGF (Invitrogen) and plated on bacterial dishes.
Western Blot and Immunoprecipitation. Cells and tissues were lysed in 1% Nonidet P-40 buffer [50 mM Tris·HCl (pH 7.4), 1% Nonidet P-40, 150 mM NaCl, 30 mM NaF, 5 mM EDTA, 10% glycerol, 40 mM β-glycerophosphate, and protease inhibitors]. The following commercial antibodies were used for Western blot: anti-FLAG (clone M2; Sigma), anti-GFP (Clone 7.1+13.1; Roche), anti-β-actin (ab8226; Abcam), and anti-Hrs (clone 989; Bethyl Laboratories). Anti-αCon polyclonal sera were produced by fusing the mouse Pcdhα constant region to GST, purifying the protein from bacterial lysates, removing the GST tag, and immunizing rabbits. Antibodies were affinity purified with the Pcdhα constant region alone. Anti-β17 polyclonal sera were produced by immunizing rabbits with a synthetic peptide (RRARIISQENKEHLQLNLQS) coupled to Keyhole Limpet Hemocyanin. Antibodies were affinity purified with the peptide alone. Anti-γCon antibody was a gift from Greg Phillips (Mount Sinai School of Medicine, New York). Anti-calnexin antibody was a gift from David B. Williams (University of Toronto, Toronto). Western blots were carried out according to standard protocols and protein was visualized with secondary antibodies coupled to HRP (Jackson ImmunoResearch) and Immobilon ECL reagent (Millipore). Densitometry was performed in ImageJ (National Institutes of Health). Immunoprecipitations were carried out for 4 h at 4°with anti-FLAG-agarose (M2; Sigma) or with primary antibody in the presence of Protein G-Sepharose (GE Healthcare). Precipitates were washed in Nonidet P-40 buffer alone, or IP Wash Buffer A [10 mM Tris·HCl (pH 7.2), 1% Nonidet P-40, 0.5% sodium deoxycholate, 100 mM NaCl, 1 mM EDTA], IP Wash Buffer B [10 mM Tris·HCl (pH 7.2), 0.1% Nonidet P-40, 1 M NaCl] and Nonidet P-40 buffer.
Immunocytochemistry. CAD cells were grown on coverslips coated with poly-D-lysine and laminin (BD Biosciences), fixed in 4% paraformaldehyde, and permeabilized with 0.2% Triton X-100. Where appropriate, anti-EGFP coupled to Alexa 488 (A21311; Invitrogen) or anti-HA (HA.11; Covance) was added overnight. Fluorescently coupled secondary antibodies were obtained from Jackson ImmunoResearch. Coverslips were mounted in Vectashield with DAPI (Vector Laboratories). Images were collected with a Zeiss LSM 510 Meta confocal microscope.
